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ABSTRACT  
We demonstrate a BOTDA sensor based on the use of the Brillouin phase-shift that performs measurements tolerant to 
non-local effects. This technique raises opportunities to increase the distance covered by these sensor  and the maximum 
optical power of the probe wave injected to the fiber. As a result, the system has the potential to increase the SNR 
achieved at the last meters of the fiber. Proof-of-concept experiments demonstrate unaltered measurements of the 
phase-shift spectrum in a 20Km long fiber for large frequency-dependent distortions of the pump pulse. 
Keywords: Stimulated Brillouin scattering, non-local effects, distributed fiber sensors, Brillouin phase-shift, BOTDA, 
nonlinear optics.  
 
1. INTRODUCTION 
Temperature and strain sensing of large area of coverage is a topic of major interest for several industrial sectors. In this 
context, Brillouin optical time domain analysis (BOTDA) sensors are considered a mature technology capable of 
monitoring these measurands over an extended distance r ge1 with high spatial resolution2. 
However, as the monitoring distance increases, a limitation known as non-local effects is more insidious. The latter 
results from the accumulated energy transferred between the probe wave and the pump wave due to stimulated Brillouin 
scattering (SBS) along the sensing fiber. As a consequence, the pump pulse intensity is modified depending on the 
frequency difference between both waves leading to a distortion of the measurements. Therefore, the accur y of the 
BOTDA sensor is impaired. 
Different reports have focused on this effect trying to minimize it by building a theoretical model tha  quantifies the error 
in the determination of the Brillouin frequency shift (BFS) for different amounts of depletion3, by proposing a correction 
system based on an algorithm4, by evaluating its biasing effect5, by using a different interaction scheme between both 
waves6 or simply by adjusting the probe wave power to avoid non-local effects at the measurement2. However, a key 
challenge faced by BOTDA sensors is to make measurements tolerable to distortions of the pump wave. 
Recently, we proposed a BOTDA sensor based on a RF demodulation that improves the signal to noise ratio (SNR) in 
relation to the conventional direct detection scheme7. In addition, a phase-shift based BOTDA sensor intended for 
dynamic monitoring capable of performing measurements immune to the Brillouin gain or the probe wave optical power 
was demonstrated8. In this work, we propose an enhanced setup that is able to perform measurements tolerant to 
non-local effects. This allows an incrementing of the injected continuous wave (CW) optical power to enhance the SNR 
at the last position of the fiber. 
2. FUNDAMENTALS OF THE SYSTEM 
Fig. 1 schematically depicts the fundamentals of the proposed system. A phase-modulated probe wave is injected in one 
end of an optical fiber while a pump pulse is introduced at the other end. This probe wave interacts with the pump pulse 
via stimulated Brillouin scattering (SBS) and is directed to the receiver using a circulator. Considering that SBS 
interaction only affects the first sideband of the modulation, then the optical field at the input of the photodetector 
coming from the interaction of the pump and probe at a particular location in the fiber, z, is given by the following 
expression: 
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where E0 and ESB are the amplitudes of the optical fields of the carrier and first sidebands of the phase-modulated probe 
wave, ν0 is the optical frequency of the carrier, fRF is the modulation frequency and HSBS is the complex Brillouin loss 
spectrum at position z, which can be described by: 
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where g0 is the local gain, ∆νB is the Brillouin linewidth, νB is the Brillouin frequency shift at position z and νP is the 
optical frequency of the pump wave. 
 
Figure 1.Schematic representation of SBS interaction and the received signal. 
Detecting the optical field in Eq. 1, then the resultant RF signal can be written in phasorial form as: 
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where P0 and PSB are the optical powers of carrier and modulation sidebands, RD is the responsivity of the photodetector 
and ( ) PBRF zf νννν∆ +−+= 0  is the detuning of the interacting sideband from the center of the Brillouin spectrum. The 
approximation for the last term has been obtained considering a small g0. Notice in Eq. 3 that the detected RF phase-shift 
is independent of the particular local gain associated to SBS process, which is directly related to the amplitude of the 
pump pulse at that given location. This feature hasmajor implications regarding the tolerance of the echnique to 
non-local effects. The latter are produced due to the interaction of a pulsed pump wave counter-propagatin  to a CW 
probe wave, so that, at each location of the fiber, the energy transferred from probe wave to pump wave (in a loss-based 
BOTDA sensor) increases the intensity of the pump pulse. Therefore, the pump wave is amplified along its propagation 
through the sensing fiber. Moreover, as the SBS interaction depends on the frequency difference between both waves, 
then the resulting pump wave amplification is also frequency-dependent. This fact is shown in Fig. 2, where different 
amounts of non-local effects induced to the pump wave have been numerically calculated assuming a Brillouin linewidth 
of 30MHz and a uniform distribution of the BFS. This non-uniform frequency response of the pump wave leads to a 
distortion of the Brillouin loss spectrum. This is depicted in Fig. 3(a), where it has been assumed a worst case situation 
for non-local effects4, where the local BFS has been shifted by ∆νB/3. This deformation of the Brillouin loss spectrum 
results in an impaired accuracy (∆BFS) restricting the system performance. This fact is a major limitation in long range 
sensing. On the one hand, as the distance to be covered by such sensors is extended, the non-local effects induced to the 
pump wave increase due to the accumulated interaction along the optical fiber. On the other hand, as the probe wave 
optical power is increased, the energy transferred from the probe wave to the pump wave is also higher at each position 
of the fiber. This leads to a major distortion of the Brillouin loss spectrum for the same position. Consequently, the 
optical power of the probe wave must be maintained low, which in turn reduces the SNR at the final location of the 
sensing fiber. At last, the energy transferred betwe n both waves depends on the whole BFS distribution al ng the 































In contrast to the conventional BOTDA, our technique is tolerant to non-local effects, as the detected phase-shift signal is 
not affected by the amplitude of the pump pulses. This is highlighted in Fig. 3(b), where the calculated RF phase-shift 
spectra remain unaltered for different amplifications of the pump pulse due to non-local effects. Therefore, our system is 
capable to increase the monitoring distance, the injected optical power and is independent of the BFS distribution along 
the fiber. As a consequence, the possibility to inject large optical probe powers to the fiber enables a rise in SNR 
enhancing the performance of the system. Notice that the SNR of our system is also increased due to the employment of 
the RF demodulation7 instead to the use of a conventional direct detection scheme. Therefore, our system enhances the 
SNR by two factors: the large probe wave optical powers injected to the fiber and the demodulation technique. 
 
Figure 2. Normalized pump pulse intensity for different amounts of non-local effects. 
 
Figure 3. Calculated (a) amplitude spectra at conventional loss-based BOTDA and (b) RF phase-shift spectra of the 
proposed technique for different frequency responses of the pump gain. 
3. EXPERIMENTAL SETUP AND MEASUREMENTS 
The experimental setup shown in Fig. 4 was assembled in order to demonstrate the capabilities of the system. The output 
of a laser source is divided in two optical branches with an optical coupler. In the upper branch, the optical pump pulses 
are formed using a Mach-Zehnder electro-optic modulator (MZ-EOM) by the RF pulse-shaping technique so a  to obtain 
clean and leakage-free pulses9. Then, one of the pump pulses is filtered by a fiber Bragg grating (FBG) to obtain a 
loss-based BOTDA system. The resultant pump pulse is amplified in an erbium doped fiber amplifier (EDFA) and its 
state of polarization is randomized with a polarization scrambler (PS) to reduce polarization-dependent effects. After 
that, it is directed via a circulator to a 20 Km-long fiber. In the lower branch, the probe wave is generated with an 
electro-optic phase modulator driven by a 850 MHz RF signal. After interacting with the pump pulses via SBS, the probe 
signal is directed to a receiver and the resultant RF signal is demodulated. Finally, the BOTDA signal is captured in a 
digital oscilloscope. 
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Figure 4.Experimental setup for the phase-shift-based BOTDA sensor. 
In order to determine the amount of non-local effects induced at the proposed system, the pump pulse amplification 
resulting from the accumulated energy transferred fom the probe wave to the pump wave was measured at the last 
location of the fiber. As this amount of non-local effects depends on the injected probe wave optical power, the pulse 
intensity was measured for two different probe wave optical powers. This is depicted in Fig. 5(a), where a 40% 
increment of the pump pulse amplification is obtained for the larger optical probe power. Furthermore, as the 
accumulated energy transferred between the probe wave and the pump wave changes depending on the frequency 
difference between both waves, then the frequency response of the pump pulse intensity is non-uniform. This is clearly 
shown in Fig. 5 (b), where the energy of the pump pulse at each frequency separation between the probe wav  and the 
pump wave was measured. In addition, the temporal response from the pump pulses at each frequency difference is also 
shown in Fig. 5(c). 
 
Figure 5. (a) Measured pulses for two probe wave optical powers (blue solid line 4.72 mW and black dashed line 2.61 mW) 
at ∆ν=0 MHz, (b) frequency response of the pulsed pump energy at the last location of the fiber and (c) measured pump 













































































































This increment in the pulsed pump intensity is clearly reflected in the amplitude of the BOTDA trace in Fig. 6 As it is 
shown, the amplitude of the resulting interaction between both waves differs from the typical attenuation suffered at the 
fiber (0.2dB/km). 
 
Figure 6. Measured amplitude of the BOTDA trace (blue solid line) and theoretical BOTDA trace not affected by non-local 
effects and considering only attenuation in the fibr (black dashed line). 
 
In addition, the RF phase-shift and amplitude spectra were measured for different probe wave optical powers at the last 
meters of interaction in the fiber. Fig. 7(a) shows that, indeed, the detected RF phase-shift remains unaltered while the 
amplitude (Fig. 7(b)) suffers the detrimental impact of non-local effects. Therefore, as the phase-shift spectrum is 
tolerant to non-local effects, then it is possible to inject higher probe wave optical powers to the sensing fiber in order to 
enhance the resultant SNR at the last position of the iber. 
 
Figure 7. Scanned (a) phase-shift and (b) amplitude for different optical powers of the probe wave (blue solid line 4.72mW, 
red long dashed line 3.95mW, green short dashed lin 3.29mW and black dashed-dot line 2.61mW). 
4. CONCLUSION 
In this work we have presented a BOTDA sensor based on the use of the Brillouin phase-shift that is capable to perform 
measurements tolerant to non-local effects. The technique relies on the RF phase-shift spectrum, which is shown to be 
largely immune to factors that rise the non-local effects as: variations on the local gain, the distance to be covered by the 
system, the injected optical power of the probe wave nd the distribution of the BFS along the fiber. Therefore, one of 
the fundamental drawbacks of the conventional BOTDA sensors is overcome. In addition, an experimental 















































amounts of depletion. Moreover, the results achieved illustrate that this system has potential to compensate the 
attenuation of the fiber suffered by the pump pulses providing BOTDA traces tolerant to the attenuation. Therefore, an 
increment of the SNR at the last position of the sensing fiber could be achieved. 
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